The behaviour of engineered biological systems can be subject to deviation from design due to 18 unpredictable changes in growth conditions, host response and metabolic load. Control engineering 19 approaches are key to automatically maintain robust performance of designed systems despite such 20 variations. RNA-controlled gene expression creates new possibilities for systematic, fast-responding 21 and resource-efficient implementations of synthetic biology systems in living cells. Here, we 22 demonstrate that a rational, modular design framework can provide an extensible platform for 23 modular Artificial RNA interference (mARi) for robust, portable and multiplexed post-transcriptional 24 regulation in Escherichia coli. We used mARi to construct a host-aware negative feedback control 25 system that regulated protein production in response to cellular stress. We demonstrated that this 26 mARi-based feedback control system resulted in an improvement in protein production up to 5-fold 27 and was robust to perturbations in temperature, medium, scale, cell strain and gene product without 28 further tuning. We anticipate that the use of robust RNA-based genetic control within an extensible 29 DNA assembly framework, such as mARi, will have widespread applications in the realisation of 30 sophisticated engineered biological systems, where dynamic regulation can provide improvements in 31 gene circuit stability and microbial production. 32 33 Main 34 Cells use complex regulatory networks to appropriately sense, respond, and adapt to changes 35 in their internal states and environment. One widely employed mechanism for adaptation relies on 36 post-transcriptional regulation via small RNAs (sRNAs) 1,2 . sRNAs facilitate rapid, reversible, dynamic, 37 and efficient signal propagation and typically act to coordinate and synchronize multiple signals 38 through sequence-specific and transient RNA-RNA interactions 2,3 , frequently leading to down-39 regulation of target gene expression 4 . In bacterial systems, trans-acting sRNAs rather than cis-acting 40 sRNAs are reported to be especially effective in silencing gene expression due to their longer half-life 5 . 41 2
6 define the UTR have been computationally generated to ensure their orthogonality in the DNA 144 assembly process 26 . Computational evaluation of five selected UTR (UTR A-E) sequences 145 demonstrated minimal similarity/identity scores between the set ( Supplementary Fig. 5a ) and the 146 corresponding mARis (mARi A-E) were predicted to have minimal off-target interactions with three 147 different E. coli genomes ( Supplementary Table 3 ). 148
To evaluate target specificity, we constructed all possible combinations of mARi-A and target 149 UTR upstream of sfgfp; in each case maintaining the same promoter and RBS (Fig. 4a) . This 150 demonstrated that significant repression was only observed between a given mARi and its cognate 151 UTR (Fig. 4b) . 152
Since the mARis exhibited specificity in the context of a single gene, we evaluated their ability 153 to operate on two different genes simultaneously in a multiplexed design. Initially this was evaluated 154 with both sfgfp and mcherry genes organised as separate transcriptional units (Figs. 4c,d) . Specific and 155 independent repression by each mARi towards its cognate target was observed, with UTR-A-sfgfp 156 being selectively targeted by mARi-A and UTR-B-mcherry being targeted by mARi-B ( Fig. 4e and 7 feedback systems are used in both engineering and biology to address this type of situation, where 170 robust performance is required despite perturbations and uncertainties 41, 42 . The rapid and reversible 171 nature of RNA-based regulation makes it ideal as an actuator in biomolecular feedback control 172 systems 7, 11, 43 . We therefore sought to evaluate mARi as a dynamic negative feedback controller in 173 protein production, by placing the mARi system under control of the stress-inducible PhtpG1 promoter 25 . 174 A fusion protein of VioB and mCherry has previously been shown to trigger a host stress 175 response from PhtpG1, whilst enabling the simultaneous monitoring of expression levels by 176 fluorescence 25 . To validate PhtpG1 activation, VioB-mCherry was placed under the control of an 177 inducible PTet promoter with both high and medium RBS strengths. A reporter plasmid with sfgfp under 178 the control of PhtpG1 was used to determine the degree of PhtpG1 response 25 . VioB-mCherry expression 179 leads to a response from PhtpG1-controlled sfGFP expression, which increases with increasing transcript 180 levels through induction of the Tet promoter with anhydrous tetracycline (aTc; Supplementary Figs.  181   7,8) . The higher strength RBS caused a stronger PhtpG1 response than the medium RBS at all induction 182 levels ( Supplementary Fig. 8 ). Importantly, PhtpG1 shows a progressive response to load 183 ( Supplementary Fig. 8) , a desirable characteristic for gain control in negative feedback. 184
Given the strong response of PhtpG1 to VioB-mCherry, we sought to determine if a closed-loop 185 negative feedback system, whereby PhtpG1 modulates VioB-mCherry production via an mARi actuator, 186 would increase the yield of protein production. A single plasmid system was assembled with the UTR-187 A-VioB-mCherry being targeted by mARi-A, which was itself under the control of PhtpG1 (Fig. 5a) . The 188 equivalent plasmids lacking the mARi module were also constructed and both were transformed into 189 BL21(DE3). 190 mARi-based negative feedback improves the overall production of VioB-mCherry as seen by the 191 increase in total fluorescence, when compared to the system without mARi (Fig. 5) . Feedback control 192 delivers increased protein expression per cell across all growth phases, but there is also an extension 193 of exponential growth, resulting in higher overall cell density ( Fig. 5c and Supplementary Fig. 9) : 194 single-cell analysis determined that increased fitness was not caused by non-producing mutants 195 significantly improved expression per cell at lower levels of induction with mARi feedback (Fig. 5b) , 197 and overall up to a 5-fold increase in total protein (Fig. 5c,d and Supplementary Fig. 9 ), confirmed by 198 SDS-PAGE ( Supplementary Fig. 10) . 199 200 mARi-based negative feedback enables portable, robust and modular regulation 201 across different contexts 202 A critical factor for the wide adoption of feedback control systems is the robust performance 203 and portability they impart when used in different contexts and conditions. We therefore sought to 204 test mARi-based negative feedback control under various perturbations, i.e. temperature, media, host 205 strains, culture volume and GOI. 206 mARi-based negative feedback maintained the productivity improvement of VioB-mCherry at 207 both 37°C and 30°C, over a 24 h incubation period ( Fig. 5e and Supplementary Fig. 13 ). The 208 improvement was also observed in different culture media and in different strains of E. coli (Figs. 5c,  209 d, f and Supplementary Figs. 12,14) . We also tested the performance of mARi-based negative 210 feedback at different scales by comparing a 100 µl culture grown in 96 well-plate and a 50 ml culture 211 grown in 250 ml shaking flasks. In both culture volumes the strains with mARi-based feedback 212 exhibited a significant improvement of VioB-mCherry production, when compared to cells without 213 mARi feedback ( Fig. 5g and Supplementary Fig. 15 ). 214
To demonstrate the portability of the mARi-based feedback control systems, we deployed 215 PhtpG1-mARi to control the expression of a different GOI (lacz-mcherry). The expression of LacZ-216 mCherry resulted in different PhtpG1 activation, total protein production, and growth profiles, 217 compared to the previous VioB-mCherry ( Supplementary Fig. 16 ). Nonetheless, the mARi-based 218 feedback system enhanced the productivity of LacZ-mCherry expression up to 2-fold compared to 219 strains lacking the feedback ( Fig. 5h and Supplementary Fig. 17 ). Remarkably, these productivity 220 improvements were achieved with no specific tuning of the system, beyond assembly of the GOI in 221 the BASIC framework with a UTR that is cognate to the mARi. 222 223
Discussion

224
Here we report the development, characterization, and implementation of a modular post-225 transcriptional regulation system based on trans-acting small RNAs. Gene repression is achieved by 226 directing mARi to computationally designed, orthogonal UTR-RBS linkers in the BASIC DNA assembly 227 framework 24 . The target site was located upstream of the RBS and demonstrated effective repression 228 whilst being independent from both RBS and GOI contexts ( Fig. 2d and 4) . The modular and orthogonal 229 nature of the design framework removes the need to design or insert bespoke target sites upstream 230 of target genes, a drawback of previous works focused on reusable trans-encoded small RNAs [6] [7] [8] 11, 13 . 231
By directing mARi to the standardised UTR of the mRNA target, the RNA chaperone Hfq is 232 recruited to the translation initiation region of the mRNA. Hfq-mediated repression is thought to occur 233 either via steric occlusion of the RBS, preventing ribosome recruitment 28 , or by facilitated active 234 degradation of the mRNA 29 . With the operon architecture that we investigated, there was clear 235 evidence that translation was attenuated by a combination of both target sites, with the effects being 236 largely independent and additive ( Fig. 4g) . This behaviour is consistent with steric hindrance of the 237 RBS being the main mode of action in the absence of an RNase E site. Facilitated degradation would 238 be expected to induce a similar repression level on both genes, whereas we observe that targeting of 239 the downstream gene has only a minor effect on the upstream gene ( Fig. 4g) . The enhanced repression 240 with occlusion of both UTR sites indicates that a bound sRNA is not completely effective as a roadblock 241 to ribosomes. 242
To evaluate the features of mARi, we characterised its responsiveness to design parameters and 243 robustness to different genetic contexts and conditions. Repression was modulated by both relative 244 transcript abundance and spatial organisation ( Fig. 3) . mARi proved to be a portable and robust 245 controller in different E. coli strains and across different growth phases ( Fig. 3) . We also demonstrated 10 that mARi can be multiplexed across multi-gene and operon systems ( Fig. 4) . This extensibility is 247 essential for the simultaneous regulation of multiple genes in metabolic engineering, layered genetic 248 control, and advanced genetic circuit applications. 249
We deployed mARi in a host-adaptive negative feedback system that responds to cellular stress 250 caused by protein over-expression. The heat-shock σ 32 -dependent PhtpG1 promoter was used as a stress 251 sensor 25 ; while native Hfq is controlled by both σ 32 -dependent and σ 70 -dependent promoters, so it is 252 responsive to both growth and stress induced by protein misfolding 44 . Consequently, both the mARi 253 actuator and Hfq chaperone are activated by host stress in a bimolecular feedback control system. 254
Using PhtpG1 as the sensor driving our mARi-actuated negative feedback reduced the translational load 255 in response to cellular stress. The resulting dynamic control optimised shared cellular resources, 256 leading to an increase in protein production up to 5-fold compared to without feedback ( Fig. 5d) . 257 Furthermore, the feedback control was robust to perturbations in temperature, media, culture 258 volume, as well as changes in host strains and gene products, without any further tuning of the system. 259
The ubiquity of sRNA control in biological systems demonstrates their importance in critically 260 important cellular processes of homeostasis and adaptation 1, 11, [45] [46] [47] . The programmability of sRNAs 261 makes them attractive candidates for the design of synthetic biological systems. Their fast and 262 dynamic response 4 makes them ideal sensors and actuators in both natural 45-48 and synthetic 7,11 263 feedback control systems. Dynamic pathway regulation is an important application of biological 264 control engineering for the enhanced productivity and robustness of cellular production platforms 10,49-265 53 . We have here demonstrated the applicability of mARi to improving protein production in a 266 feedback control system by adapting a native stress response to control the feedback circuit. The use 267 of alternative stress-responding promoters provides a mechanism for adapting this approach to 268 metabolic engineering applications 49 , while the extensible modular framework and orthogonality of 269 mARi provide a platform for the rapid and efficient engineering of dynamic host-aware feedback 270 control biosystems for robust biomanufacturing and advanced genetic control applications. 271
The following E. coli strains were used for plasmid construction and expression: DH5α 275 (DE3)). E. coli colonies were grown from 279 single-colony isolates in LB (Luria Bertani) medium supplemented with the appropriate antibiotic, 280 shaken at 220 rpm and grown at 37°C (unless specified otherwise). The antibiotics used for plasmid 281 maintenance were Chloramphenicol, Carbenicillin, and Kanamycin at a concentration of 25 μg/ml, 100 282 μg/ml and 50 μg/ml, respectively. Anhydrous tetracycline (aTc) from a stock concentration of 100 283 μg/ml in DMSO was used as an inducer. 284 285
Design and analysis of mARi sequences 286
The sequences of UTR-RBS linkers used in BASIC DNA assembly 24 were designed and validated 287 Supplementary Table 4 . Maps of plasmids 312 used in this study are provided in Supplementary Fig. 18 . 313
The viob-mcherry fusion gene was extracted from plasmid pSB1C3-H3 25 (Addgene plasmid # 314 109381; http://n2t.net/addgene:109381; RRID:Addgene 109381) using a touchdown PCR method. 315
Briefly, target DNA was amplified using 10 μl of 5X HF Buffer, 1 μl of 10mM of dNTPs 10 mM, 2.5 μl of 316 forward primer 10 μM, 2.5 μl of reverse primer 10 μM, 50 pg of template DNA, 0.5 μl DNA Phusion 317 Polymerase (NEB), and ddH2O up to 50 μl. A pair of primers, forward (5'-318 tctggtgggtctctgtccatgagcattctggatttcccgcgtat-3') and reverse (5'-319 cgataggtctcccgagccttaggtggagtggcggccctcg-3') were used to amplify specific region flanking viob-320 mcherry gene with BASIC prefix and suffix. The following touchdown PCR protocol in the thermal cycler 321 was used for site-directed mutagenesis; (1) 95°C for 3 min, start loop 25 cycles, (2) 95°C for 30 sec, (3) 322 gradient from 65 to 70°C for 30 sec, (4) 72°C for 2 min, close loop, (5) 72°C for 10 min, and (6) 4°C hold 323 forever. The PCR product was then confirmed through gel agarose electrophoresis. Subsequently, a gel purification was performed to a band with a size of ~3.7 kb. The purified DNA fragment was then 325 assembled by BASIC with methylated iP and iS linkers (Biolegio) into a pUC-AmpR backbone to create 326 a viob-mcherry fusion as a BASIC biopart. 327
The lacz gene was extracted from E. coli BL21(DE3) genome using touchdown PCR. The template 328 for fragment amplification was obtained from a single colony of BL21(DE3) diluted into 50 μl of dH2O. 329
A pair of primers, forward (5'-tctggtgggtctctgtccatgaccatgattacggattcactggccgtc-3') and reverse (5'-330 cgataggtctcccgagcctttttgacaccagaccaactggtaatggta-3') were used to amplify specific region flanking 331 the lacz gene with BASIC prefix and suffix. The PCR product was then confirmed through gel agarose 332 electrophoresis. Subsequently, a gel purification was performed to a band with a size of ~3 kb. The 333 purified DNA fragment was used to create a lacz-mcherry fusion in BASIC format by assembling the 334 lacz and mcherry with a fusion linker (FL2; Supplementary Table 5) NxT flow cytometer to obtain single-cell data. The flow cytometer settings used were as follows: 500 397 volts for forward scattered (FSC), 420 volts for side scattered (SSC), 550 volts for yellow light (YL), and 398 a threshold of 0.3x1000. In total 10,000 events were collected for each sample. The data was stored 399 as an FCS file 3.0 and analysis was done using FlowJo V10. Single cell population gating was performed For assays in different host strains, the mARi-based negative feedback circuits (open and closed 402 loop) were propagated into BL21(DE3) and DH10b cells. Both engineered strains were incubated in LB 403 medium at 37°C and 600 rpm. aTc inducer with different concentration (0-100 ng/ml for BL21(DE3) 404 cells and 0-10 ng/ml for DH10b cells) was added after 1 h of outgrowth. 405
For different growth temperatures, the DH10b cell containing VioB-mCherry expression 406 plasmids with and without mARi were incubated at 30°C or 37°C in LB medium. To induce the 407 expression of VioB-mCherry, 5 ng/ml aTc inducer was added after 1 h of outgrowth. The plates were 408 incubated in a microplate reader with shaking at 600 rpm for 24 h post-induction. 409
For different growth media, the engineered DH10b cell were tested in three mediums: LB, 2YT 410 supplemented with 4% (w/v) glucose, and EZ MOPS RDM supplemented with 4% glucose. After 1 h 411 outgrowth, 5 ng/ml aTc inducer was added. The plate was incubated at 30°C and 600 rpm for 24 h 412 post-induction. 413
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